Abstract. Prohibitin (PHB) is a ubiquitous protein with a number of different molecular functions. PHB is involved in tumorigenesis by exerting either a permissive or blocking action on tumor growth, depending on the cell context. In the present study, we investigated the effects of the histone deacetylase inhibitors (HDACis), trichostatin A (TSA) and sodium butyrate (NaB), on PHB expression in the thyroid tumor cell lines, TPC-1 and FRO. Both TSA and NaB increased PHB mRNA levels. Transfection experiments showed that the overexpression of HDAC1 or 2, but not 3, inhibited PHB promoter activity. The effects of TSA and NaB on the two major PHB mRNA splicing isoforms, were also investigated. Both TSA and NaB decreased the mRNA levels of the shorter isoform, but increased those of the longer isoform. Only the latter isoform contains a 3'UTR, which has been reported to exert a growth suppressive action. Thus, our data demonstrate that HDACis control both PHB transcription and alternative splicing. The effect of HDACis on PHB alternative splicing was not due to the modification of the expression of the ASF/SF2 splicing factor.
Introduction
Prohibitin (PHB) is a ubitiquitously-expressed multifunctional protein with a molecular weight of ~32 kDa (1) . It is localized in various intracellular locations including the mitochondria, nuclei, lipid rafts and the cytosol (2) (3) (4) (5) . In the mitochondria PHB inhibits pyruvate carboxylase (6) , an enzyme involved in the tricarboxylic acid cycle (7) . Moreover, PHB exerts a chaperone function, protecting newly imported proteins from degradation (8) . The knockdown of PHB in endothelial cells increases the mitochondrial production of reactive oxygen species, resulting in cellular senescence (9) . Accordingly, the modification of the mitochondrial PHB protein levels has been demonstrated during cellular senescence in cultured human fibroblasts (10) . In the nucleus, PHB plays a role in controling gene transcription (11, 12) . Structural/functional interactions with a number of transcription factors including p53, RB, E2F and the estrogen receptor, have been described (3, 13, 14) . In addition, it has been demonstrated that PHB interacts with chromatin-remodelling proteins (15) .
There are conflicting data regarding the involvement of PHB in tumorigenesis. PHB has been shown to have either a permissive action on tumor growth or, alternatively, an oncosuppressive role, depending on the cell context (16) . The micro-injection of PHB mRNA into mouse embryonic fibroblasts has been shown to block cell cycle progression (17) . Moreover, PHB overexpression inhibits the androgendependent growth of prostate cells (18) . However, it has been shown that PHB is required for the control of the RAS-induced RAF-MEK/-ERK activation (19) . Moreover, the abrogation of PHB reduces proliferation and induces apoptosis in human hepatoma cells (20) . In agreement with these latter observations, PHB has often been found to be overexpressed in many different human tumors (21) .
Histone acetylation plays a major role in the control of gene transcription. Steady-state levels of histone acetylation are due to two classes of enzymes with opposing activity: Histone acetyltransferases and histone deacetylases (HDACs). HDAC action is inhibited by a number of different compounds that are collectively known as HDAC inhibitors (HDACis). HDACis have also been successful as anti-cancer drugs. These compounds have been shown to inhibit the proliferation of tumour cell lines in vitro and induce apoptosis and differentiation (22) . Moreover, HDACis have been shown to suppress the growth of tumors in animal models (23) . Thus, a number of HDACis are now being included in clinical trials for cancer treatment (24) . HDACis induce histone hyperacetylation, and therefore they increase gene transcription. However, experimental data have indicated that HDACi effects are very heterogeneous, and, depending on the gene, either an increase or decrease in expression has been observed (25). 
Materials and methods
Cell culture and transfection. TPC-1 and FRO cells were cultured in DMEM medium with 10% fetal bovin serum (Gibco, Milan, Italy). Transfections were performed using Lipofectamine reagent (Invitrogen) according to the manufacturer's instructions. Plasmids were used in the following amounts: 1 μg PHB promoter-LUC, 1 μg periostin promoter-LUC, 0.33 μg pcDNA3-HDAC1, 0.33 μg pcDNA3-HDAC2, 0.33 μg pcDNA3-HDAC3 and 1 μg RSV-chloramphenicolacetyltransferase (CAT). Cells were harvested 48 h after transfection, and cell extracts were prepared by a standard freeze and thaw procedure. The transfection efficiency was normalized among the replicates by co-transfecting the RSV-CAT plasmid which contains the Rous sarcoma virus promoter, with the CAT gene. CAT activity was measured by the ELISA method (Amersham, Milan, Italy). LUC activity was measured by a chemiluminescence procedure.
Viability assay. Three hours before the end of treatment with trichostatin A (TSA) or sodium butyrate (NaB), a solution containing 4 mg/ml MTT in PBS was added to 10% of the culture medium. After 3 h, the medium was removed and the cells were lysed with DMSO. The absorbances of the samples were analysed at a wavelength of 540 nm with background subtraction at 690 nm. All experimental points were run in quadruplicate.
Quantitative RT-PCR. Total RNA from the cell lines was extracted using the RNeasy protect mini kit (Qiagen) according to the instructions of the manufacturer. Total RNA (1 μg) was reverse transcribed to single-strand cDNA using random exaprimers and 200 U MMLV reverse transcriptase (Invitrogen) in a final volume of 20 μl at 42˚C for 50 min followed by heating at 70˚C for 15 min. Real-time PCRs were performed using the ABI Prism 7300 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). The oligonucleotide primers and probes for PHB are listed in Table I and their position in the PHB gene is shown in Fig. 1 . Oligonucleotide primers and probes for ASF/SF2 were purchased from Applied Biosystems as Assays-on-Demand gene expression products. Oligonucleotide primers and probes for the endogenous control, ß-glucuronidase, have been previously described by Beillard et al (26) . A 25 μl reaction mixture containing 5 μl cDNA template, 12.5 μl TaqMan Universal PCR Master Mix (Applied Biosystems), and 1.25 μl primer probe mixture was amplified using the following thermal cycler parameters: Incubation at 50˚C for 2 min and denaturation at 95˚C for 10 min, then 40 cycles of the amplification step (denaturation at 95˚C for 15 sec and annealing/ extension at 60˚C for 1 min). The ΔCT method, by means of the SDS software (Applied Biosystems), was used to calculate the mRNA levels.
Results
In order to investigate the HDACi effects on PHB expression in human thyroid tumor cells, the TPC-1 and FRO cell lines were used. TPC-1 cells are derived from papillary thyroid carcinoma, while FRO cells from anaplastic thyroid carcinoma (27) . Doses of 300 nM TSA and 3 mM NaB for 24-h stimulation, were used. In this condition, the effects of both drugs on cell viability were negligible ( Fig. 2A) . PHB expression was increased in both the TPC-1 and FRO cells. However, the extent of increase was higher in the TPC-1 (4-5-fold) than in the FRO (2-fold) cell line (Fig. 2B) . Nevertheless, these results indicate that histone acetylation plays a role in the control of PHB gene expression. It can be predicted that the overexpression of HDACs should have an inhibitory effect on PHB expression. Such a hypothesis was corroborated by a cell transfection approach. TPC-1 cells were transfected with a construct containing the PHB promoter linked to a reporter gene (LUC) and with the expression vectors for three members of class I HDACs. As shown in Fig. 3 , the overexpression of HDAC1 exerted a strong inhibitory effect on PHB promoter activity. HDAC2 also showed inhibitory action, albeit to a lesser extent. On the contrary, HDAC3 did not exert any effect (Fig. 3) . The lack of effect of HDAC3 is specific. When the same experiment was performed on the periostin promoter (28), a significant inhibitory effect was detected (Fig. 3) .
In addition to gene transcription, HDACis have been known to control mRNA splicing (29) . The PHB primary transcript is spliced out into two major isoforms (Fig. 1) , that we refer to here as PHB 3'UTR and PHB SHORT. The PHB 3'UTR encodes for a longer isoform containing an untranslated sequence that is per se able to induce the blocking of proliferation (30) . The SHORT isoform stops at exon 5, which differs at its 3'-terminus from the 3'UTR isoform (Fig. 1 ). Thus, we tested whether HDACis are able to affect PHB alternative splicing resulting in the quantitative modifi- Table I . Oligonucleotide primers used in quantitative PCR reactions. PHB  TCACACTGCGCATCCTCTTC  CAAAGCGAGCCACCACTGA  TCGCCAGCCAGCTTCCTCGC  PHB  TCCTCCCTTCTGCTTTGCTAGA  CTGCCTCACCTCAGCATGTTT TGAGACTTGAAAACACG  SHORT  PHB  ATGTGCGGCTGAACTGAGAA  TCCCCGGCACCTCTCTTC  CCTCCGTCTTCCCAGCGGTTCC  3' UTR  --------------------------------------------------------------------------------------------------- cation of the two major isoforms. Specific assays were used to measure the two isoforms by quantitative RT-PCR (Fig. 1) . Experimental results are shown in Fig. 4 . In both cell lines the HDACi treatment induced the increase of the 3'UTR isoform. The increment was higher in the TPC-1 than in the FRO cells. In contrast, the mRNA levels of the SHORT isoform were decreased by the HDACi treatment in both cell lines. Thus, the HDACi treatment affects PHB alternative splicing in thyroid tumour cell lines leading to the relative overexpression of the PHB 3'UTR isoform.
-----------------------------------------------------------------------------------------------------Forward Reverse Probe -----------------------------------------------------------------------------------------------------
It has been shown that HDACi treatment can increase the levels of the ASF/SF2 splicing factor (31) . Thus, the levels of ASF/SF2 mRNA were evaluated in TPC-1 and FRO cells treated or not with TSA or NaB. Neither compound had a significant effect on ASF/SF2 mRNA levels (data not shown), suggesting that the overexpression of the PHB 3'UTR isoform after HDACi treatment is not due to the modification of the ASF/SF2 expression.
Discussion
Distinct HDACis act by different mechanisms and, in addition to histone acetylation, they can induce other effects (32) . For these reasons, to define that HDACi effects are bona fide due to histone acetylation, the same modification must be induced by at least two of these compounds. Thus, since both TSA and NaB were able to stimulate PHB expression, it can be ascertained that histone acetylation controls PHB gene expression. This statement is re-inforced by data indicating that the overexpression of HDAC1 and, to a lesser extent, that of HDAC2, have an inhibitory effect on PHB promoter activity. In contrast to HDAC1 and 2, HADC3 had no effect on the PHB promoter. This is consistent with the notion that distinct HDACs control gene expression in different ways and that HDAC3 has effects on gene expression quite different from those elicited by HDAC1 and 2. By using siRNA knockdown, it has been shown that HDAC1 and 3 act on different sets of genes with an overlap of only ~30% (33) . Moreover, the knockdown of HDAC3, but not that of HDAC1 or 2, increased cells in the G2/M phase in human colon cancer cells (34) . Gregoire et al have shown that HDAC3, but not HDAC1 and 2, efficiently deacetylated MEF2D in vitro and in vivo (35) . In a recent study, it was shown that the silencing of HDAC3, but not that of HDAC1 and 2, reduced the migration and induced the expression of E-cadherin in ovarian cancer cells (36) .
Many studies have indicated that treatment with HDACi affects mRNA splicing, resulting in the quantitative modification of mature mRNA species transcribed by a single gene. Such an effect has been reported for different genes including those encoding for the glucocorticoid receptor, the cystic fibrosis transmembrane conductance regulator, the X-linked inhibitor of apoptosis protein-associated factor 1 and the survival motor neuron 2 (37) (38) (39) . Effects on this latter gene could have a relevance to the therapy of spinal muscular atrophy (40) . Some of these effects are explained by the modification of the expression of splicing factors. Indeed, it has been shown that HDACi treatment modifies the expression of the ASF/SF2 splicing factor (31) . Our data indicate, however, that in thyroid cancer cells the HDACi treatment does not modify ASF/SF2 expression. An alternative hypothesis is that histone modification could directly control alternative splicing. However, as recently shown, histone methylation, but not acetylation, plays a role in the direct control of alternative splicing (41) . Our data indicate that in thyroid tumor cell lines HDACi treatment modifies the quantitative ratio between the two major mRNA species of the PHB gene. Both TSA and NaB induced the increase of the PHB 3'UTR and the decrease of the PHB SHORT isoform. It has been previously shown that PHB 3'UTR has anti-proliferative activity (30) , and that it inhibits colony formation in soft agar assays, and suppresses xenograft tumor growth when implanted on nude mice (42) . Thus, PHB 3'UTR can be considered to be an oncosuppressor. Thus, the increase of PHB 3'UTR which was observed upon HDACi treatment could contribute to the reduction in cell viability induced by these compounds. 
